We present the first measurement of the Michel parametersη and ξκ in the radiative leptonic decay of the τ lepton using 703 fb −1 of data collected with the Belle detector at the KEKB e + e − collider. The Michel parameters are measured by an unbinned maximum likelihood fit to the kinematic information of e + e − → τ + τ − → (π + π 0ν )(l − ννγ) (l = e or µ). The preliminary values of the measured Michel parameters areη = −2.0 ± 1.5 ± 0.8 and ξκ = 0.6 ± 0.4 ± 0.2, where the first error is statistical and the second is systematic.
INTRODUCTION
In the Standard Model (SM), there are three flavors of charged leptons: e, µ and τ . The SM has proven to be the most powerful theory in describing the physics of leptons; nevertheless, precision tests of the SM may reveal the presence of New Physics (NP). In particular, measurement of the Michel parameters in τ decay is a powerful probe for NP.
The most general Lorentz-invariant derivative-free matrix element of leptonic τ decay τ − → l − ννγ [ * ] is represented as [1] 
where G F is the Fermi constant, i and j are the chirality indices for the charged leptons, n and m are the chirality indices of the neutrinos, l is e or µ, Γ S = 1, Γ V = γ µ and Γ T = i (γ µ γ ν − γ ν γ µ ) /2 √ 2 are, respectively, the scalar, vector and tensor Lorentz structures in terms of the Dirac matrices γ µ , u i and v i are the four-component spinors of a particle and an antiparticle, respectively and g N ij are the corresponding dimensionless couplings. In the SM, τ − decays into l − via the W − vector boson with a right-handed antineutrino, i.e., the only non-zero coupling is g V LL = 1. Experimentally, only the squared matrix element is observable and so bilinear combinations of the g N ij are accessible. Of all such combinations, four Michel parameters, η, ρ, δ and ξ, can be measured by the leptonic decay of the τ when the final state neutrinos are not observed [2] : 
The Feynman diagrams describing the radiative leptonic decay of the τ are presented in Fig. 1 .
As shown in Refs. [3, 4] , the presence of a radiative photon in the final state (radiative leptonic decay or inner bremsstrahlung) exposes three more Michel parameters,η, η ′′ and ξκ: 
[ * ] Unless otherwise stated, use of charge-conjugate modes is implied throughout the paper. [7] . The most precise results are referenced here.
Bothη and η ′′ appear as spin-independent terms in the differential decay width. Since all terms in Eq. 6 are strictly non-negative, the upper limit onη provides a constraint on each coupling constant. The effect of the nonzero value of η ′′ is suppressed by a factor of m 2 l /m 2 τ ∼ 10 −7 for an electron daughter and ∼ 0.4% for a muon daughter and so proves to be difficult to measure with the available statistics of the Belle experiment. In this study, we use the SM value η ′′ = 0. To measure ξκ, which appears in the spin-dependent part of the differential decay width, we must determine the spin direction of the τ . This spin dependence is extracted using the spinspin correlation with the partner τ in the event. According to Ref. [5] , ξκ is related to another Michel-like parameter ξ ′ = −ξ − 4ξκ + 8ξδ/3. Because the normalized probability that the τ − decays into the right-handed charged daughter lepton Q τ R is given by Q τ R = (1 − ξ ′ )/2 [6] , the measurement of ξκ provides a further constraint on the V − A structure of the weak current. The information on these parameters is summarized in Table I .
Using the statistically abundant data set of ordinary leptonic decays, previous measurements [8, 9] had determined the Michel parameters η, ρ, δ and ξ to an accuracy of a few percent and in agreement with the SM prediction. Taking into account this measured agreement, the smaller data set of the radiative decay and its limited sensitivity, we focus in this analysis only on the extraction ofη and ξκ by fixing η, ρ, δ and ξ to the SM values. This represents the first measurement of theη and ξκ parameters of the τ lepton.
METHOD
Hereafter, we use an italic character to represent the four-vector p while its time and spatial components are denoted by capital letters as p = (E, P ). The magnitude of P is denoted as P .
The differential decay width for the radiative leptonic decay of τ − with a definite spin direction S τ − is given by
where
are known functions of the kinematics of the decay products with indices i = 0, 1 (i simply denotes the name of function), Ω a stands for a set of {cosθ a , φ a } for a particle type a and the asterisk means that the variable is defined in the τ rest frame. The detailed formula is given in Appendix A. Equation 9 shows that ξκ appears in the spin-dependent part of the decay width. This product can be measured by utilizing the well-known spin-spin correlation of the τ pair in the e − e + → τ + τ − reaction:
where α is the fine structure constant, β τ and E τ are the velocity and energy of the τ , respectively, D 0 is a form factor for the spin-independent part of the reaction and D ij (i, j = 0, 1, 2) is a tensor describing the spin-spin correlation [10] :
here, θ is the polar angle of the τ − and γ τ is its gamma factor 1/ 1 − β 2 τ . The spin information on the partner τ + is extracted using the two-body decay τ + → ρ +ν → π + π 0ν whose differential decay width is
A + and B + are the form factors for the spin-independent and spin-dependent parts, respectively, while the tilde indicates the variables defined in the ρ rest frame and m is an invariant mass of the two-body system of pions which is defined as m 2 = (p π + p π 0 ) 2 . The formulae of A + and B + are given in Appendix B. Thus, the total differential cross section of
) can be written as:
To extract the visible differential cross section, we transform the differential variables into ones defined in the center-of-mass system (CMS) using the Jacobian
where the parameter Φ denotes the angle along the arc illustrated in Fig. 2 . On the assumption that the neutrino is massless and the invariant mass of the neutrino pair is greater than or equal to zero, we obtain
In the back-to-back topology of the τ + τ − pair, these two conditions constrain the τ + direction to the arc, with the angle Φ defined along this arc. The visible differential cross section is, therefore, obtained by integration over Φ:
where S(x) is proportional to the probability density function (PDF) of the signal and x denotes the set of twelve measured variables:
In general, the normalization of the PDF depends on the Michel parameters. Since S(x) is a linear combination of the Michel parameters S(x) = A 0 (x) + A 1 (x)η + A 2 (x)ξκ, the PDF is normalized according to
This integration is performed using the Monte Carlo (MC) method. Since MC events are distributed according to the SM distribution (η = ξκ = 0), the denominator of Eq. 26 is 
where x i represents a set of variables for i th generated event out of total N gen events and the bracket <> means an average with respect to the SM distribution. We refer to N 0 and A i /A 0 (i = 1, 2) as absolute and relative normalizations, respectively.
KEKB ACCELERATOR
The KEKB accelerator, located at KEK in Tsukuba, Ibaraki, Japan, is an energyasymmetric e + e − collider with beam energies of 3.5 GeV and 8.0 GeV for e + and e − , respectively. Most of the data taking was in operation at the CMS energy of 10.58 GeV, a mass of the Υ(4S), where a huge number of τ + τ − as well as BB pairs were produced. The KEKB was operated from 1999 to 2010 and accumulated 1 ab −1 of e + e − collision data with Belle detector. The achieved instantaneous luminosity of 2.11 × 10 34 cm −2 /s is the world-largest record. For this reason, the KEKB is often called B-factory but it is worth considering also as τ -factory, where O(10 9 ) events of τ pair have been produced. The large number of the τ leptons and the dedicated detector provide a beautiful laboratory for the test of the nature of the rare decay τ − → l − ννγ. The KEKB is described in detail in Refs. [11] .
BELLE DETECTOR
The Belle detector is a large-solid-angle magnetic spectrometer that consists of a silicon vertex detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel threshold Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation counters (TOF), and an electromagnetic calorimeter comprised of CsI(Tl) crystals (ECL) located inside a superconducting solenoid coil that provides a 1.5 T magnetic field. An iron flux return located outside of the coil is instrumented to detect K 0 L mesons and to identify muons (KLM). The detector is described in detail elsewhere [12] .
EVENT SELECTION
The selection proceeds in two stages. At the preselection, τ + τ − candidates are selected efficiently while suppressing the beam background and other physics processes like Bhabha scattering, two-photon interaction and µ + µ − pair production. The preselected events are then required to satisfy final selection criteria to enhance the purity of the radiative events.
Preselection
• There must be exactly two oppositely charged tracks in the event. The impact parameters of these tracks relative to the interaction point are required to be within ±2.5 cm along the beam axis and ±0.5 cm in the transverse plane. The transverse momentum of two tracks must exceed 0.1 GeV/c and that of one track must exceed 0.5 GeV/c.
• Total energy deposition of ECL in the laboratory frame must be lower than 9 GeV.
• The opening angle ψ of the two tracks must satisfy 20
• The number of photons whose energy exceeds 80 MeV in the CMS frame must be fewer than five.
• For the four-vector of missing momentum defined by p miss = p beam − p obs , the missing mass M miss defined as M • The missing-momentum's polar angle must satisfy 30
• ≤ θ miss ≤ 150
• .
Final selection
The candidates of the daughter particles of
e., the lepton, photon, and charged and neutral pions, are assigned in each of the preselected events.
• The lepton candidate is selected using likelihood-ratio values. The electron selection uses
where L e and L x are the track's likelihood values for the electron and non-electron hypotheses, respectively. These values are determined using specific ionization (dE/dx) in the CDC, the ratio of ECL energy and CDC momentum E/P , the transverse shape of the cluster in the ECL, the matching of the track with the ECL cluster and the light yield in the ACC [13] . The muon selection uses the likelihood ratio
, where the likelihood values are determined by the measured vs expected range for the µ hypothesis and transverse scattering of the track in the KLM [14] . The reductions of the signal efficiencies with lepton selections are approximately 2% and 3% for the electron and muon, respectively. The pion candidates are distinguished from kaons using
, where the likelihood values are determined by the ACC response, the timing information from the TOF and dE/dx in the CDC. The reduction of the efficiency with pion selection is approximately 5%.
• The π 0 candidate is formed from two photon candidates, where each photon satisfies E γ > 80 MeV, with an invariant mass of 115 MeV/c 2 < M γγ < 150 MeV/c 2 . Figure 3 shows the distribution of the invariant mass of the π 0 candidates. The reduction of the signal efficiency is approximately 24%.
• The ρ candidate is formed from a π and a π 0 candidate, with an invariant mass of 0.5 GeV/c 2 < M ππ 0 < 1.5 GeV/c 2 . Figure 4 shows the distribution of the invariant mass of the ρ candidates. The reduction of the signal efficiency is approximately 3%.
• The signal photon candidate's energy must exceed 80 MeV if within the ECL barrel (31.4
• < θ γ < 131.5
• ) or 100 MeV if within the ECL endcaps (12.0 • < θ γ < 31.4
• or 131.5
• < θ γ < 157.1 • ). As shown in Fig. 5 , this photon must lie in a cone determined by the lepton-candidate direction that is defined by cosθ eγ > 0.9848 and cosθ µγ > 0.9700 for the electron and muon mode, respectively. The reductions of the signal efficiencies for the requirement on this photon direction are approximately 11% and 27% for electron and muon mode, respectively. Furthermore, if the photon candidate and either of the photons from the π 0 , which is a daughter of the ρ candidate, form an invariant mass of the π 0 (115 MeV/c 2 < M γγ < 150 MeV/c 2 ), the event is rejected. The additional selection reduces the signal efficiencies by 1%.
• The direction of the combined momentum of the lepton and photon in the CMS frame must not enter the hemisphere determined by the ρ candidate: event should satisfy θ (lγ)ρ > 90
• . This selection reduces the signal efficiency by 0.4%.
• There must be no additional photons in the aforementioned cone around the lepton candidate; the sum of the energy in the laboratory frame of all additional photons that are not associated with the π 0 or the signal photon (denoted as E LAB extraγ ) should not exceed 0.2 GeV and 0.3 GeV for the electron and muon mode, respectively. The reductions of the signal efficiencies for the requirement on the E LAB extraγ are approximately 14% and 6% for electron and muon mode, respectively. These selection criteria are optimized using a MC method where e + e − → τ + τ − pair production and the successive decay of the τ are simulated by KKMC [15] and TAUOLA [16, 17] generators, respectively. The detector effects are simulated based on the GEANT3 package [18] .
The selection criteria suppress background while retaining efficiency for signal events. A characteristic feature of the radiative decay is that the photon tends to be produced nearly collinear with the final-state lepton. Distributions of the photon energy E γ and the angle between the lepton and photon θ lγ for the selected events are shown in Figs. 6 and 7 for τ − → e − ννγ and τ − → µ − ννγ candidates, respectively. In the electron mode, the fraction of the signal decay in the selected sample is about 30% due to the large external bremsstrahlung rate in the non-radiative leptonic τ decay events.
In the muon mode, the fraction of the signal decay is about 60%; here, the main background arises from ordinary leptonic decay (τ − → l − νν) events where either an additional photon is reconstructed from a beam background in the ECL or a photon is emitted by the initial-state e + e − .
With the described selection criteria, the average efficiencies of signal events are evaluated by MC. The selection information is summarized in Table II .
ANALYSIS
Accounting for the event-selection criteria and the contamination from identified backgrounds, the total visible (properly normalized) PDF for the observable x in each event is given by
where S(x) is the signal distribution given by Eq. 14, B i (x) is the distribution of the i th category of background (i runs 1, 2, 3 and 1, 2, . . . , 6 for electron and muon modes, respectively 28.9 56.5 † The signal is defined by the photon energy threshold in the τ -rest frame with E * γ > 10 MeV.
and this index indicates each category filled with a color in Figs. 6 and 7), λ i is the fraction of this background and ε(x) is the selection efficiency of signal distribution. In general, the ε(x) is not common between the signal and backgrounds, the difference, however, is included in the definition of B i (x). The PDFs of the major background modes are basically described using their theoretical formulae while other minor contributions are treated as one category ] (56.5%) Final distribution of (a) photon energy E γ and (b) θ µγ for the τ + τ − → (π + π 0ν )(µ − ννγ) decay candidates. Dots with error bars are experimental data and histograms are MC distributions. The color of each histogram is explained in Fig. 3. and described based on the MC simulation.
In the integration of the differential cross section over the Φ in Eq. 24, we randomly generate integration variables and calculate an average of the integrand. Moreover, an unfolding of the detector resolution is also performed in this integration, where the distortion of the momenta of the charged tracks and photon energies due to the finite accuracy of the detector is taken into account as a convolution with its resolution function determined from an MC simulation of the detector. When the generated kinematic variables are outside allowed phase space of the signal distribution, we assign zero to the integrand rather than using its unphysical (negative) value. This means that we discard trials which have negative-mass neutrinos. If such discarded trials in the integration exceed 20% of the total number of iterations, we further reject the event. This happens for events which lie around the kinematical boundary of the signal phase space. The corresponding reduction of the efficiency is 2% and 3% for the electron and muon mode, respectively. This additional decrease of the efficiency is not reflected on the values of Table II .
From P (x), the negative logarithmic likelihood function (NLL) is constructed and the best estimators of the Michel parameters,η and ξκ, are obtained by minimizing the NLL. The efficiency ε(x) is a common multiplier in Eq. 30 and does not depend on the Michel parameters. This is one of the essential features of the unbinned maximum likelihood method that we use. We validated our fitter and procedures using a MC sample generated according to the SM distribution. The fitted results are consistent with the SM predictions within 1σ statistical deviation of the experimental result.
Analysis of experimental data
The analysis of experimental data is performed in the same way as MC simulation. The difference between real data and MC simulation is represented by the measured correction factor R(x) = ε ex (x)/ε MC (x) that is close to unity; its extraction is described below. With this correction, Eq. 30 is modified to
The presence of R(x) in the numerator does not affect the NLL minimization, but its presence in the denominator does. We evaluate R(x) as the product of the measured corrections for the trigger, particle identifications and track reconstruction efficiencies:
The lepton identification efficiency correction is estimated using the two-photon processes e + e − → e + e − l + l − (l = e or µ). Since the momentum of the lepton from the two-photon process ranges from 0 to approximately 4 GeV/c in the laboratory frame, the efficiency correction factor can be evaluated for our signal process as a function of P l and cos θ l .
The track reconstruction efficiency correction is extracted from
Here, we count the number of events N 4 (N 3 ) in which four (three) charged tracks are reconstructed. The three-charged-track event is required to have a negative net charge (π + is missing). Since the charged track reconstruction efficiency ε is included as, respectively, ε 
between experiment and MC simulation. If we ignore one of the photon daughters from the π 0 , the γ reconstruction efficiency correction can be also extracted in the same manner.
The trigger efficiency correction has the largest impact among these factors. In particular, for the electron mode, because of the similar structure of our signal events and Bhabha events (back-to-back topology of two-track events), many signal events are rejected by the Bhabha veto in the trigger. The veto of the trigger results in a spectral distortion and a large systematic uncertainty. The correction factor from trigger is tabulated using the charged and neutral triggers (denoted as Z and N), which provide completely independent signals. Since the trigger is fired when both signals are not inactive, its efficiency is given by ε trg = 1 − (1 − ε Z )(1 − ε N ), where ε Z and ε N are, respectively, the efficiencies of the charged and neutral triggers. Here, each efficiency is extracted by a comparison of the numbers N Z&N /N N or N Z&N /N Z . Thus R trg is obtained as a ratio of ε trg between the experiment and MC simulation. Through the R trg , we incorporate this systematic bias and its uncertainty into our results. Figure 8 shows the distribution of the momentum and the cosine of the polar angle of electron and muon events. In the figure, the effects of all corrections are seen mainly at cosθ e < −0.6 and cosθ µ < −0.6. In Table III , we summarize the contributions of various sources of systematic uncertainties. The dominant systematic source for the electron mode is the calculation of the relative normalizations. Due to the peculiarity of the signal PDF when m l → 0, the convergence of the factor is quite slow and results in a notable effect. The uncertainty of the relative normalization is evaluated using the central limit theorem. For a given number of MC events N, the errors of the relative normalizations A i /A 0 (i = 1, 2) are evaluated by σ 2 = Var(A i /A 0 )/N, where Var(X) represents the variance of a random variable X. The resulting systematic effect on the Michel parameter is estimated by varying the normalizations. The effect of the absolute normalization is estimated in the same way.
The largest systematic uncertainty for the muon mode is due to the limited precision of the description of the background PDF that appears in Eq. 31. As mentioned before, the set of minor sources is treated as one additional category that is based on MC distributions. This effective description can generally discard information about correlations in the phase space and thereby give significant bias. The residuals of the fitted Michel parameters from the SM prediction obtained by the fit to the MC distribution are taken as the corresponding systematic uncertainties.
Other notable uncertainties come from the limited knowledge of the measured branching ratios. In particular, the uncertainties of the branching ratio of the radiative decay τ − → l − ννγ dominate the contribution. The systematic effects of the cluster-merge algorithm in the ECL are evaluated as a function of the angle between the photon and lepton clusters at the ECL's front face (θ ECL lγ ). The limit θ ECL lγ → 0 represents the merger of the two clusters and the comparison of the distribution between experiment and MC gives us the corresponding bias. Detector resolutions of the photon energies and track momenta are evaluated by comparing the results obtained with and without the unfolding of the measured values. The error of the tabulated correction factor R is estimated by varying the central values based on the uncertainty in each bin. The effect of the beam-energy spread is estimated by varying the input of this value for the calculation of PDF with respect to run-dependent uncertainties.
RESULTS
Based on the PDF in Eq. 31, we construct the NLL function, minimize it and obtain the Michel parametersη and ξ κ. Since the sensitivity toη is suppressed by the factor of m l /m τ , we extract it from the muon mode only. Using 832644 and 72768 selected events, respectively, for τ + τ − → (π + π 0ν )(e − ννγ) and τ + τ − → (π + π 0ν )(µ − ννγ) candidates, we obtain (ξκ) (e) = −0.5 ± 0.8 ± 1.1, (35) η µ = −2.0 ± 1.5 ± 0.8,
(ξκ) (µ) = 0.8 ± 0.5 ± 0.2,
where the first error is statistical and the second is systematic. The results of ξκ are combined to give ξκ = 0.6 ± 0.4 ± 0.2.
(38) Figure 9 shows the contour the likelihood for τ → µννγ events. As the shape suggests, a correlation betweenη and ξκ is small. The magnitude of the correlation coefficient determined by the error matrix is approximately 7%.
SUMMARY
We present preliminary results of a measurement of the Michel parametersη and ξκ of the τ using 703 fb −1 of data collected with the Belle detector at the KEKB e + e − collider. These parameters are extracted from the radiative leptonic decay τ − → l − ννγ and the tagging ρ decay τ + → ρ + (→ π + π 0 )ν of the partner τ + to exploit the spin-spin correlation in e + e − → τ + τ − . Due to the poor sensitivity toη in the electron mode, this parameter is extracted only from τ − → µ − ννγ to giveη = −2.0 ± 1.5 ± 0.8. The product ξκ is measured using both decays τ − → l − ννγ (l = e and µ) to be ξκ = 0.6 ± 0.4 ± 0.2. The first error is statistical and the second is systematic. This is the first measurement of both parameters for the τ lepton. These values are consistent with the SM expectation within the errors.
